Abstract-To reduce the risk of salt-induced hypertension, medical authorities have emphasized dietary guidelines promoting high intakes of potassium and low intakes of salt that provide molar ratios of potassium to salt of ≥1:1. However, during the past several decades, relatively few people have changed their eating habits sufficiently to reach the recommended dietary goals for salt and potassium. Thus, new strategies that reduce the risk of salt-induced hypertension without requiring major changes in dietary habits would be of considerable medical interest. In the current studies in a widely used model of salt-induced hypertension, the Dahl salt-sensitive rat, we found that supplemental dietary sodium nitrate confers substantial protection from initiation of salt-induced hypertension when the molar ratio of added nitrate to added salt is only ≈1:170. Provision of a low molar ratio of added nitrate to added salt of ≈1:110 by supplementing the diet with beetroot also conferred substantial protection against salt-induced increases in blood pressure. The results suggest that on a molar basis and a weight basis, dietary nitrate may be ≈100× more potent than dietary potassium with respect to providing substantial resistance to the pressor effects of increased salt intake. Given that leafy green and root vegetables contain large amounts of inorganic nitrate, these findings raise the possibility that fortification of salty food products with small amounts of a nitrate-rich vegetable concentrate may provide a simple method for reducing risk for salt-induced hypertension. (
R ecently, it has been proposed that the amount of inorganic nitrate naturally present in diets rich in leafy green and root vegetables may be an important factor contributing to the antihypertensive effects of the Dietary Approaches to Stop Hypertension (DASH) diet. [1] [2] [3] [4] [5] [6] The blood pressure-lowering effects of supplemental inorganic nitrate and of nitrate-rich vegetable products, such as beetroot juice, have been widely discussed and studied. [2] [3] [4] [7] [8] [9] [10] [11] For example, in randomized, double-blind, placebo-controlled studies in hypertensive subjects, Kapil et al 11 found that acute and chronic administration of beetroot juice significantly reduced systolic and diastolic arterial pressure, whereas nitrate-depleted beetroot juice did not. An extensive body of research has demonstrated that dietary nitrate can be endogenously converted to the potent vasodilator NO, and based on the work of many experts in the field, it is believed that the beneficial effects of supplemental dietary nitrate on blood pressure are largely mediated by increases in NO activity. 7, 10 It is important to note, however, that the mechanisms mediating the blood pressure-lowering effects of dietary nitrate are subject to ongoing investigations.
In the DASH-Sodium study, the pressor effect of increasing salt intake by 100 mmol/d was substantially lower in subjects consuming the DASH diet than in subjects consuming an American-style control diet. 12 This raises the question: is the amount of supplemental nitrate provided by the original DASH study diet sufficient to largely account for the substantial capacity of that diet to protect against salt-induced increases in blood pressure? According to an analysis by Keller et al, 6 the original DASH study diet increased nitrate intake ≈1 mmol/d over the level of nitrate provided by a typical American-style diet. It would be remarkable and medically significant if a 1-mmol/d increase in dietary intake of a single electrolyte could substantially protect against the pressor effects of a ≥100-mmol/d increase in salt intake.
Studies by Carlström et al 13 indicate that in a surgically induced model of salt sensitivity (unilaterally nephrectomized Sprague Dawley rats), a molar ratio of added dietary nitrate to added salt of ≈1:35 can protect against the hypertensinogenic effects of a high-salt diet. However, it is unknown whether significant resistance to the pressor effects of a high-salt diet can be conferred by the much lower ratio of added nitrate to added salt as used in the DASH-Sodium trial (≈1:100) or even lower. It is also unknown whether supplemental nitrate can protect against initiation of salt-induced hypertension in spontaneous forms of salt sensitivity. If so, this would suggest new approaches for reducing the risk for salt-induced hypertension that do not depend on major alterations in dietary habits, large increases in nitrate intake, or substantial decreases in food salt content. Accordingly, in the most widely studied model of spontaneous salt sensitivity, the Dahl salt-sensitive rat, we investigated whether the pressor effects of a large increase in salt intake can be substantially attenuated by a relatively small increase in nitrate intake.
Methods
The data supporting the findings of this study are available within the article and its online-only Data Supplement and from the corresponding author on appropriate request.
Animal Model
Inbred, male Dahl salt-sensitive rats were obtained as weanlings from a colony maintained at the Institute of Physiology of the Czech Academy of Sciences in Prague, Czech Republic, that was originally established with breeding pairs of inbred Dahl SS/Jr rats provided courtesy of Prof John P. Rapp (hereafter referred to as Dahl SS rats). Experiments were performed in conformance with the Animal Protection Law of the Czech Republic, the Guide to the Care and Use of Laboratory Animals (Eighth Edition) of the US National Research Council, and were approved by the Ethics Committee of the Institute of Physiology, Academy of Sciences of the Czech Republic, Prague.
A detailed discussion of the study design and methods used is available in the online-only Data Supplement.
Statistical Analysis
The following null hypothesis was tested: a relatively small increase in nitrate intake, achieved by oral administration of either a nitraterich vegetable product (beetroot juice) or sodium nitrate, does not attenuate increases in mean arterial pressure otherwise induced by a large increase in dietary sodium chloride. To investigate the primary null hypothesis, we used 1-way ANOVA and the Holm-Sidak procedure to test for differences in the salt-induced changes in mean arterial pressure between the control group and the beetroot-treated and nitrate-treated experimental groups. ANOVA with Holm-Sidak testing was also used in an exploratory analysis of the effects of nitrate supplementation or beetroot supplementation on salt-induced changes in heart rate and locomotor activity. An unpaired t test was used in the analysis of a separate exploratory study of the effects of sodium nitrate supplementation on sodium balance. The results are expressed as means±SEM, and P values are adjusted for the multiple group comparisons (group 1 treated with beetroot plus salt and group 2 treated with sodium nitrate plus salt, each compared with the control group treated with salt alone). Statistical significance was defined as P<0.05, and statistical analyses were performed with GraphPad Prism 6.0 (GraphPad Software, La Jolla, CA). Figure 1 presents the time course of 24-hour averages of systolic arterial pressure ( Figure 1A ) and diastolic arterial pressure ( Figure 1B) for the 3 experimental groups. Salt loading rapidly induced substantial increases in arterial pressure that were attenuated by treatment with sodium nitrate or beetroot. Administration of sodium nitrate in a molar ratio of added nitrate to added salt of ≈1:170 significantly protected against salt-induced increases in systolic arterial pressure as did administration of beetroot and salt, which provided a nitrate-to-salt ratio of ≈1:110 ( Figure 1C ). Administration of sodium nitrate or beetroot also attenuated salt-induced increases in diastolic blood pressure, but after adjustment for multiple comparisons, the effect achieved statistical significance only in the beetroottreated group ( Figure 1D ). Salt-induced increases in mean arterial pressure were significantly attenuated by treatment with either sodium nitrate or beetroot (Figure 2 , top). Based on these results showing that a small molar ratio of added nitrate to added salt provides significant protection against salt-induced increases in mean arterial pressure, the null hypothesis is rejected.
Results
In the control rats (no treatment with either sodium nitrate or beetroot), salt loading induced small reductions in heart rate perhaps mediated by arterial baroreflex responses to the substantial salt-induced increases in blood pressure. Specifically, in the control rats, the salt-induced decrease in heart rate, −21±4 bpm, was significantly greater than in sodium nitrate-treated rats, −1±5 bpm, and beetroot-treated rats, −4±5 bpm (both P<0.025 compared with control; Figure 2 , bottom). Salt loading had no significant effect on locomotor activity in any of the groups.
The total intake of nitrate provided by the drinking fluids averaged 0.016±0.0005 mmol/d in the control group, 0.066±0.0019 mmol/d in the sodium nitrate group, and 0.095±0.0029 mmol/d in the beetroot group. Figure 3 (top) shows that the different groups of rats consumed similar amounts of sodium throughout salt loading. The rats treated with sodium nitrate or beetroot did not gain less weight than the control rats ( Figure 3 , bottom). Thus, in the sodium nitrate group and the beetroot group, the protection against salt-induced increases in blood pressure was not related to lower salt intake or body weight. If anything, the rats in group 1 (salt+beetroot) gained more weight than those in group 2 (salt+sodium nitrate) or those in group 3 (controls treated with salt alone).
To test the effects of sodium nitrate supplementation on sodium balance, we conducted a separate metabolic study in which rats treated with salt plus sodium nitrate were compared with rats treated with salt alone. The amount of sodium retained by rats given salt plus sodium nitrate was significantly greater than that retained by rats given salt alone ( Figure S1 in the online-only Data Supplement). This observation suggests that the capacity of nitrate to attenuate salt-induced increases in blood pressure does not require the attenuation of salt-induced increases in sodium balance. As expected, urinary excretion of nitrate was greater in rats treated with sodium nitrate and sodium chloride than control rats treated with sodium chloride alone (Methods in the online-only Data Supplement).
Discussion
In the most widely studied animal model of spontaneous salt sensitivity, we found that supplemental dietary sodium nitrate confers significant and substantial protection from the pressor effects of increased salt intake when the molar ratio of added nitrate to added salt is only ≈1:170. Furthermore, provision of a low molar ratio of added nitrate to added salt of ≈1:110 by supplementing the diet with beetroot and a large amount of salt also conferred significant and substantial protection against salt-induced increases in blood pressure. Beetroot treatment reduced the effect of salt loading on mean arterial pressure by 60%. To our knowledge, no other dietary ingredient has been identified that can provide this degree of protection against salt-induced increases in blood pressure when added to the diet in such low molar amounts relative to that of added salt. The present findings suggest that the greater amount of nitrate provided in the original DASH diet (≈160 mg/d) 6 compared with that provided in a typical American-style diet (≈100 mg/d), 14 a difference of just 1 mmol/d, may be sufficient to substantially account for the capacity of the DASH diet to protect against the pressor effects of a 100-mmol increase in salt intake (from 50 to 150 mmol/d). 12 To put the current findings in perspective, it is instructive to consider the capacity of supplemental dietary potassium to protect against the pressor effects of salt loading. In classic studies conducted in salt-sensitive rats >40 years ago, Dahl et al 15 found that a molar ratio of added dietary potassium to added dietary salt of ≈1:1 was required for supplemental potassium to strongly protect against the pressor effects of a large increase in salt intake. In the present study, we found that a much lower molar ratio of added dietary nitrate to added dietary salt in the range of ≈1:170 to 1:110 affords substantial protection against the pressor effects of a large increase in salt intake. These findings suggest that on a molar basis or a weight basis, dietary nitrate may be ≈100× more potent than dietary potassium with respect to providing substantial protection from the pressor effects of increased salt intake.
Various medical and governmental authorities, including the World Health Organization, have issued guidelines recommending high intakes of potassium and low intakes of salt that provide molar ratios of dietary potassium to salt of ≥1:1.
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However, only small fractions of populations in the United States and around the world are meeting joint guidelines on potassium intake and salt intake. 20, 21 Because substantial changes in dietary habits are required to meet the joint guidelines, the feasibility of achieving the recommended molar ratios of potassium intake to salt intake has come into question. 20, 21 In addition, although the DASH diet provides substantial protection against salt-induced increases in blood pressure, sustained adherence to the DASH diet can be challenging. [22] [23] [24] [25] Thus, additional strategies for preventing salt-induced hypertension, beyond the use of potassium supplementation/salt restriction, and the DASH diet, would be of considerable medical interest. For individuals who are unable or unwilling to adequately reduce salt intake or follow the original DASH diet, increasing daily intake of inorganic nitrate by ≈1 mmol, a relatively small amount that can be safely provided by just 2 additional ounces of a raw, nitrate-rich vegetable 8 may afford significant protection against salt-induced increases in blood pressure. This amount of nitrate is well within the World Health Organization limit for the acceptable daily intake of nitrate (≈262 mg/d for a 70-kg human) and the reference dose for nitrate set by the US Environmental Protection Agency (≈490 mg/d for a 70-kg human). [26] [27] [28] We found that small amounts of added dietary nitrate can substantially protect against the pressor effects of relatively large amounts of added dietary salt without reducing salt consumption or weight gain. In addition, we found that administration of sodium nitrate did not attenuate salt-induced increases in sodium balance ( Figure S1) . Thus, the current findings suggest that the capacity of dietary nitrate to protect against salt-induced increases in blood pressure is not mediated by reductions in salt intake, sodium balance, or body weight. An extensive body of evidence has indicated that the blood pressure-lowering effects of supplemental dietary nitrate may be largely mediated by increases in NO activity. 7 As discussed by Carlström et al, 7 NO can be endogenously generated by reduction of nitrite derived from dietary or nondietary sources of nitrate. Based on the studies of Gao et al, 29 it appears that the renal microvasculature may be a primary target for blood pressure regulation by nitrite and nitrate because preglomerular resistance vessels are particularly sensitive to the capacity of nitrite to promote vasodilation and to inhibit vasoconstriction induced by angiotensin II. Thus, NO-mediated renal vasodilation and associated reductions in renal vascular resistance may help protect against salt-induced increases in blood pressure. 30, 31 However, it has also been proposed that NO enhances renal pressure natriuresis and sodium excretion, 32 which may limit salt-induced increases in blood volume, cardiac output, and blood pressure. The usual mechanistic pathways through which changes in NO activity and other factors protect against salt-induced hypertension are controversial and are discussed in detail elsewhere. [30] [31] [32] [33] [34] [35] The present findings are consistent with the results of seminal studies by Chen and Sanders 36 >25 years ago in which they found that in Dahl SS rats, oral administration of large amounts of L-arginine-the substrate for enzymatic generation of NO by NO synthase-prevents salt-induced hypertension. However, the use of L-arginine, or its precursor L-citrulline, for regulating blood pressure in humans has gained limited traction possibly due, in part, to the relatively large doses required to achieve an antihypertensive effect (≈4000-10 000 mg/d). 37, 38 The utility of these agents could also be limited because in patients with endothelial dysfunction, the capacity to convert L-arginine to NO may be impaired. 39 Moreover, as noted by Higashi et al, 40 the ability of L-arginine to increase endothelial NO synthesis seems to be attenuated by a high-salt diet. In contrast to supplemental L-arginine or L-citrulline, the antihypertensive effects of supplemental inorganic nitrate do not depend on NO synthase activity, and much lower amounts of nitrate may be sufficient to substantially reduce the risk for salt-induced hypertension. Recent studies by Chien et al 41 suggest that in SHR (spontaneously hypertensive rats) consuming normal rat chow, oral administration of sodium nitrate in amounts sufficient to provide a molar ratio of nitrate to salt of ≈1:10 may attenuate the development of increased blood pressure. However, it remains to be determined whether the much lower ratios of nitrate to salt used in the current study Figure 2 . Changes in 24-h averages for mean arterial pressure and heart rate induced by salt loading. Top, Changes in mean arterial pressure induced by salt loading. Bottom, Changes in heart rate induced by salt loading. The salt-induced changes in mean arterial pressure and heart rate were determined by subtracting the average results over the last 3 d on the low-salt diet from the average results over the last 3 d on the high-salt diet. Statistical significance was determined by ANOVA with Holm-Sidak testing to adjust for multiple comparisons. The salt-induced changes in mean arterial pressure were 15.7±1.9 mm Hg in the control group, 9.5±2.1 mm Hg in the sodium nitrate group, and 7.6±1.5 mm Hg in the beetroot group. *Adjusted P<0.05 compared with the salt-loaded control group. **Adjusted P<0.025 compared with the salt-loaded control group. Top, Daily sodium intakes were nearly identical in all groups throughout salt loading. Bottom, Body weights before and after salt loading were similar among the groups. Greater blood pressure in the salt-loaded control rats was not associated with greater sodium intake or greater body weight in salt-loaded control rats.
will also attenuate development of spontaneous hypertension in SHR consuming a normal-salt diet.
Prevention Versus Reversal of Hypertension
In the present study, we focused on using small molar ratios of added nitrate to added salt to attenuate the initiation of saltinduced hypertension. The current observations are not intended to imply that small amounts of supplemental nitrate or nitraterich vegetables are likely to be sufficient for reducing blood pressure in individuals with established hypertension. As noted by Sanders et al 36 in their studies in Dahl SS rats, supplemental arginine was effective in attenuating salt-induced increases in blood pressure but not in reversing established hypertension. Similarly, we observed that while supplemental intake of a relatively small amount of nitrate relative to salt can provide substantial protection from initiation of salt-induced hypertension, it did not attenuate or reverse the course of salt-induced hypertension that was already well underway ( Figure S2 ). It is possible that larger doses of nitrate are required for reversal of hypertension than for prevention of salt-induced hypertension. In rats with established renal artery hypertension, Montenegro et al 42 reported that administration of large amounts of nitrite in the drinking water (5-50 mmol/L sodium nitrite) can decrease blood pressure. In the randomized, placebo-controlled trial conducted in the United Kingdom by Kapil et al 11 in humans with established hypertension, supplemental intake of a relatively large amount of nitrate (≈4× more than the usual dietary intake of 100 mg/d) was used to reduce blood pressure. 11 Assuming the normal subjects in the study of Kapil et al 43 ingested the average amount of salt consumed in the United Kingdom (≈9 g/d), the total amount of nitrate ingested provided a molar ratio of nitrate to salt of ≈1:20. Interestingly, in some subjects consuming a DASH-style diet, intake of nitrate may be high and exceed 1000 mg/d, depending on the extent to which nitrate-rich vegetables are incorporated into the diet.
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Limitations
The present studies investigated whether a low molar ratio of added dietary nitrate to added dietary salt protects against the pressor effects of short-term salt loading and did not involve testing with long-term salt loading. However, the studies by Carlström et al 13 and Chen et al 44 indicate that protection by supplemental nitrate or arginine against the pressor effects of short-term salt loading is predictive of protection by these agents against the pressor effects of long-term salt loading. In addition, the current studies focused on testing the antihypertensive effects of a low ratio of added nitrate to added salt and did not investigate the effects of other ratios of added nitrate to salt. In future studies, it would be of interest to test the effects of additional ratios of nitrate to salt on salt-induced changes in blood pressure in a variety of animal models of salt sensitivity and in salt-sensitive humans. Although extrapolation of findings in animal models to humans should always be done with caution, it should be noted that the Dahl SS rat is considered to be an excellent model of human salt sensitivity and shows blood pressure responses to dietary interventions consistent with observations made in clinical studies. 15, [45] [46] [47] The results of the present studies are consistent with the view that the antihypertensive effects of beetroot may largely be mediated by nitrate. However, it should be recognized that beetroot also contains a variety of other compounds that could be influencing blood pressure, including flavonoids, phenolic acids and amides, carotenoids, betacyanin, betaxanthin, ascorbic acid, and potassium. 48 With respect to potassium, the amount of potassium added by the beetroot in the current studies was small relative to the amount of added salt and is unlikely to account for the protection against salt-induced increases in blood pressure. 15 In addition, in humans with hypertension, it has been reported that nitrate-depleted beetroot juice has relatively little or no effect on blood pressure compared with beetroot juice that has not been depleted of nitrate.
11 Although these observations suggest that nitrate may be necessary for the beneficial effects of beetroot on blood pressure, we cannot exclude the possibility that other ingredients may also be influencing the capacity of beetroot to protect against salt-induced hypertension. Finally, it should be pointed out that natural products, such as beetroot, can vary considerably in their biochemical makeup (including nitrate levels) depending on the cultivar type, soil conditions, time of harvesting, use of fertilizers, etc. 49 Thus, when studying beetroot or other nitrate-rich vegetable ingredients, it is important that investigators check the nitrate levels to insure consistency of the products and to consider the use of relevant control groups in their experiments (eg, groups treated specifically with a nitrate salt itself and groups treated with a nitrate-depleted product).
Perspectives and Conclusions
During the past few decades, medical and governmental authorities worldwide have called for extensive efforts to reduce salt intake at the population level with the hope that such efforts would reduce the risk for salt-induced hypertension and related cardiovascular diseases. [50] [51] [52] [53] [54] In most countries, however, average salt intakes have remained well above recommended targets, and in some population subgroups (eg, hypertensive subjects in the United States), salt intake appears to have increased. 43, 53, 55, 56 In addition, prominent scientists continue to raise questions about the wisdom of attempts to reduce salt intake in the population as a whole. [57] [58] [59] [60] [61] [62] Thus, new approaches to reducing the risk for salt-induced hypertension are of considerable medical and scientific interest.
The results of the present study indicate that fortifying salty food products with surprisingly small amounts of vegetable products naturally rich in inorganic nitrate may provide a safe and simple strategy for reducing the risk for salt-induced hypertension. Because relatively low concentrations of an added vegetable concentrate could provide the desired amount of nitrate, this approach might be implemented in many cases without affecting the taste or physical properties of the salty food product of interest and without requiring a change in eating habits. For example, soy sauces, including reduced sodium soy sauces, typically have high concentrations of salt ranging from ≈10% to 15%, and in Japan, soy sauce is the major source of salt in the diet. 63, 64 Given that vegetables, such as beetroot or arugula, can have high concentrations of inorganic nitrate, the desired molar ratio of nitrate to salt in soy sauce could be achieved by adding a few grams of an appropriate vegetable concentrate to 100 mL of soy sauce. In other sauces and condiments that contain less salt than soy sauce, even smaller amounts of a nitrate-rich vegetable product could be added to achieve the desired ratio of nitrate to sodium chloride. This approach need not interfere with conventional strategies for reducing the risk for salt-induced hypertension and would not require a change in dietary habits or the need to purchase and consume a salt substitute or a separate dietary supplement.
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